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Research on brown adipose tissue has been conducted largely through analysis of 
adipocytes grown in monolayer.  However, studies of other cell types that have been 
cultured in 3-dimensional scaffolds using tissue engineering techniques have shown that 
cell morphology can influence cell behavior, including differentiation.  In the present 
study, we used synthetic hydrogels to support 3-dimensional adipogenesis of adipose-
derived stem cells, modifying the scaffold properties to optimize brown adipogenesis.  
Beyond measuring expression of brown adipose-specific genes and proteins, we 
characterized the adipocytes’ mitochondrial respiratory profiles to assess cell function.  
White adipose-derived stem cells that underwent brown adipogenesis had dramatically 
different respiratory profiles in monolayer culture compared to 3-dimensional culture, 
and this was true for both rat and human cells.  Further, the rat and human adipocytes 
displayed opposite functional phenotypes, suggesting that rat data cannot be extrapolated 
to the human condition in this case.  Our synthetic brown adipose tissue, made from 
human white adipose-derived stem cells, can be used to study cell biology, to test 
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Biomaterials have been used in medicine for decades, serving as implantable devices for 
bone repair and heart valve replacement, as well as being used as resorbable sutures 
(Hench and Polak, 2002).  However, for prosthetic applications, it is clear that the 
biomaterials degrade over time without encouraging in vivo repair of the defect.  Tissue 
engineering has given hope to regenerative medicine, leveraging three-dimensional 
scaffolds to support cells, possibly in the presence of exogenous growth factors, in the 
attempt to create artificial tissues (Rehfeldt et al., 2007).  Three-dimensional (3D) in vitro 
models of tissues are important for understanding how cells develop and interact both 
with each other and their environment.  Although many cell biology experiments are 
conducted on cells cultured in monolayer, the biological function of cells can be altered 
based on their morphology (Stevens and George, 2005; Rehfeldt et al., 2007; Breuls et 
al., 2008; Mazzoleni et al., 2009).  Therefore, growing cells in a 3D scaffold can be a 
better model of their in vivo function.   
A scaffold provides 3D structural support to cells and allows 360° of cell-cell 
interactions, which is impossible for cells grown in monolayer.  Further, the ability to 
tune the mechanical properties of synthetic polymers has made it possible to create stiff 
environments conducive to osteogenesis and soft environments for adipogenesis.  Beyond 
understanding cellular function, 3D models can be used as artificial tissues for testing 
disease models and interventions (Mazzoleni et al., 2009).  When considering implanting 
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engineered tissues into animals, one must consider biocompatibility and degradation.  As 
foreign objects risk being encapsulated rather than integrated by the body, understanding 
the nature of the scaffold material and the body’s reaction to it is vital for translational 
research.  Scaffolds should be biocompatible and biodegradable, but beyond the basic 
requirements, nuances of scaffold properties, such as stiffness and adhesion, can 
influence cell behaviors like survival, growth, differentiation, and deposition of 
extracellular matrix (ECM).  Although there is much literature discussing those 
outcomes, little has been mentioned with regard to the influence of the scaffold on cell 
respiration.  Comparatively more work has been done on cell metabolism in monolayer.   
 
Synthetic polymers 
The extracellular matrix (ECM) is comprised of proteins secreted by cells, and the matrix 
can steer cell differentiation through both physical interactions and soluble proteins.  At 
their best, scaffolds attempt to mimic native ECM, and there are a variety of synthetic 
molecules and techniques used to make scaffolds.  Polylactic acid (PLA) is often used to 
encourage osteogenesis and chondrogenesis as it is a stiff biodegradable polymer, and 
polyacrylamide is so tunable that it can make both soft gels and rigid scaffolds (Rehfeldt 
et al., 2007).  Polycaprolactone degrades very slowly and is used for applications that 
desire scaffold stability (Kang et al., 2007).  Our lab has experience with poly(ethylene 
glycol) diacrylate (PEGDA), a hydrophilic polymer with acrylate functional groups that 
allow polymerization in the presence of a photoinitiator and ultraviolet light.  PEGDA 
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hydrogels are soft and do not encourage cell adhesion, and our lab has used them to 
differentiate stem cells (Yang et al., 2005; Hillel et al., 2009). 
 
Extracellular matrix 
ECMs can be created from decellularized whole tissues or made from collagen, elastin, 
fibrinogen, laminin, or a mix of proteins that are present in natural ECM (Rehfeldt et al., 
2007).  These scaffolds are biocompatible but may not always be appropriate for use in 
humans, particularly if derived from animals (Stevens and George, 2005).  von Heimburg 
and colleagues (2001) created porous “sponges” made from bovine collagen fibers and 
seeded them with human primary preadipocytes.  They implanted the sponges in 
immunocompromised mice, and after several weeks found blood vessels on the surface of 
the sponge and mature adipocytes penetrating into its surface.  Undifferentiated 
preadipocytes had penetrated further into the sponge, but the authors assumed that the 
pore size of the scaffold was too small to accommodate adipogenesis. 
Some researchers experiment with drug delivery systems and cell-free scaffolds in the 
attempt to encourage in vivo tissue regeneration and eliminate the need for delivery of 
exogenous cells.  Matrigel is a mix of basement membrane proteins and growth factors 
secreted by cancer cells, and it can encourage adipogenesis when injected in vivo with the 
growth factor bFGF.  Kimura et al. (2002) created hydrogels that slowly secreted bFGF 
and implanted them with Matrigel subcutaneously in the mouse back.  They found that 
native cells migrated into the Matrigel and differentiated into adipocytes.  Unfortunately, 
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the exact composition of Matrigel is unknown and can vary, so it is not an ideal substrate 
for translation to regenerative medicine. 
Much of native adipose ECM is composed of collagen, especially collagens IV and VI, 
and adipocytes remodel the ECM continually (Mariman and Wang 2010).  Sharma and 
colleagues (2011) analyzed the effects of ECM secreted by preadipocytes on activation of 
metabolic pathways in hepatocytes and compared the results to those with hepatocytes 
grown in collagen sandwich cultures.  The “Adipogel” ECM was rich in fibronectin and 
collagen IV, which are present in large amounts in native liver ECM, and culturing 
hepatocytes on it enhanced their synthesis of albumin. 
 
Hydrogels 
While ECM is inherently biocompatible, scaffolds made from synthetic polymers can be 
readily synthesized and their properties can be tuned.  A hydrogel is composed of 
hydrophilic polymers and thus has a high water content that mimics tissue and allows for 
nutrient transport to cells (Hoffman 2001; Patel et al., 2005; Hillel and Elisseeff, 2010).  
Photopolymerization of hydrogels using ultraviolet light-sensitive compounds to initiate 
crosslinking of polymers is a way to encapsulate cells uniformly in gels (Yang et al., 
2005).  Further, the gel can be injected or shaped in a desired site before polymerization.  
Our lab examined the toxicity of photoinitiators and determined that Irgacure 2959 is 
relatively non-toxic across different cell lines (Williams et al., 2005), and we have 
experience using it to polymerize poly(ethylene glycol) diacrylate (PEGDA) hydrogels.  
Further, our lab has experience differentiating stem cells into white adipocytes within 
5 
 
biocompatible PEGDA hydrogels and implanting them into animals (Hillel et al., 2009), 
and in 2010, Hillel and Elisseeff showed improved adipogenesis of embryonic progenitor 
cells grown in hydrogels versus monolayer. 
 
Use of cell adhesion peptides 
The cytoskeleton connects to the ECM via adhesion proteins, and the rigidity of the ECM 
can determine the types of adhesions formed, as well as influence cell migration and 
function (Nicolas and Safran, 2006; Rehfeldt et al., 2007).  To attempt to guide cell-
scaffold interactions, specific peptide sequences can be attached to synthetic polymers 
(Hench and Polak, 2002; Patel et al., 2005), and they can influence differentiation.  The 
Arg-Gly-Asp (RGD) sequence of fibronectin serves as the attachment site for cell surface 
integrins.  Despite lack of enzymatic activity, integrins can regulate cell signaling 
pathways, bind growth factors, and lead to activation of growth factor receptors in the 
absence of growth factor (Ivaska and Heino, 2010).  Some important integrins include: 
α5β1, the fibronectin receptor, which is embryonic lethal when knocked out; α4 is also 
embryonic lethal; β subunits bind a variety of signaling molecules, including protein 
tyrosine kinases (Ivaska and Heino, 2010).  Although the surface molecules change with 
time in culture, human adipose-derived stem cells express CD29 (β1 integrin) and CD49 
(α4 integrin), among other cell surface proteins (Gimble et al., 2007), and α4 does not 
need RGD to bind to fibronectin (Ivaska and Heino, 2010).  Mouse BAT ASCs express 
CD29 as well; however, WAT ASCs expressing CD29 did not function the same as those 
from BAT when both cell types were differentiated to cardiac muscle cells (Gimble et al., 
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2007).  Mature adipocytes also express β1 integrin (Farnier et al., 2003), and with 
differentiation, ASCs transition from expressing α5 integrin (receptor for fibronectin) to 
α6 integrin (receptor for laminin), which regulates cell adhesion and migration (Liu et al., 
2005).  It is evident that binding of adhesion peptides can regulate cell activity, and our 
lab has shown that the presence of RGD in a synthetic scaffold can influence 
differentiation of mesenchymal stem cells (Yang et al., 2005; Singh et al., 2013) and 
mitochondrial membrane potential of human ASCs (Reid et al., 2013).  Kubo et al. 
(2000) and Mariman and Wang (2010) have described changes in ECM proteins 
produced by differentiating preadipocytes in monolayer, noting that fibronectin 
developed early in the culture and degraded over time, and Kubo et al. (2010) surmise 
that it helps induce adipogenesis while acknowledging that other reports suggest it 




Brown adipose tissue  
The adipose organ is comprised of white and brown adipose tissue, and both types 
contain lipid.  Although white adipose functions mainly to store excess energy, brown 
adipose produces heat and is defined by expression of uncoupling protein 1 (UCP1) 
(Cannon and Nedergaard, 2004). 
While white adipose tissue (WAT) is derived from the lateral plate mesoderm, brown 
adipose tissue (BAT) arises from the central dermomyotome, as does muscle (Richard 
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and Picard, 2011).  Work published in 2007 from Timmons and colleagues used a 
microarray analysis of 8000 transcripts to create transcriptional signatures from primary 
brown and white preadipocytes.  Their work showed differences in the gene expression 
between white and brown adipocyte precursor cells, with brown preadipocytes sharing a 
transcriptional signature with skeletal muscle precursor cells.  One of the shared 
transcription factors, Myf5, was the focus of a lineage-tracing experiment by Seale et al 
(2008).  They used Myf5-Cre knock-in mice with a yellow fluorescent protein (YFP) 
reporter to show that skeletal muscle and BAT, but not WAT, develop from Myf5-
expressing progenitor cells.     
 
Locations in adult 
In rodents, BAT is located in interscapular, subscapular, pararenal, and axillary depots 
(Cinti, 2006; Richard and Picard, 2011).  Compared to humans, rodents have a higher 
proportion of BAT, likely due to increased risk of hypothermia from a greater surface-to-
volume ratio, allowing for greater heat dissipation.  Further, they live at room 
temperature or below and require an increased basal metabolic rate to maintain their body 
temperature.  Brown adipose mass increases with cold acclimation and is responsible for 
nonshivering thermogenesis (Cannon and Nedergaard, 2004). 
Although human infants have interscapular BAT similar to that of rodents (Lidell et al., 
2013), the tissue disappears with age, and until recent decades it was assumed that adults 
did not have BAT (Cypess, et al. 2009; van Marken Lichtenbelt and Schrauwen, 2011).  
However, with the increased use of PET/CT imaging, functional BAT depots have been 
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F-FDG) is a glucose 
analog that is taken up by metabolically active cells, and it is used frequently to look for 
metastatic lesions in people with cancer.  Many patients had tissue in their neck take up 
18
F-FDG despite lack of metastases there, and it was hypothesized that those 
metabolically active sites may represent brown adipose depots.  Cypess and colleagues 
(2009) examined over 3500 PET-CT scans from nearly 2000 patients and analyzed 
biopsies when available, determining that the PET-CT scans were indeed demonstrating 
active brown adipose.  The most common depots were supraclavicular and cervical, and 
some patients had paraspinal BAT as well.  In the same year, Saito et al. (2009) reported 
the presence of functional brown adipose tissue in healthy adults who were exposed to 
cold.  They performed PET-CT scans on the same subjects under different conditions and 
at different seasons of the year, finding increased 
18
F-FDG uptake in BAT during cold 
exposure and even more BAT activity during the winter, possibly due to BAT 
hyperplasia.  Like Cypess’s group, Saito and colleagues found an inverse correlation 
between BAT activity and body mass index.  van Marken Lichtenbelt et al. (2009) also 
studied BAT activity during cold exposure, comparing its activity in overweight and 
normal weight men.  They identified active BAT in both groups, and their findings 
agreed with those of Cypess and Saito, asserting that BAT was less active in men with a 
higher body mass index.  A very small study also published in 2009 by Virtanen et al. 
analyzed biopsies from three healthy volunteers who demonstrated BAT activity on PET 
scans.  The biopsies revealed cells containing multiple lipid droplets, and the samples 
were immunoreactive for UCP1.  In a study from P. Lee et al. (2011), biopsies of 
supraclavicular fat were taken from individuals who had active supraclavicular BAT on 
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PET/CT scan as well as from people who did not exhibit 
18
F-FDG uptake in that region.  
Both groups had uncoupling protein 1-positive biopsy samples, and precursor cells 
isolated from the tissues were able to differentiate into brown adipocytes.  This work 
showed BAT exists even when undetectable on PET/CT and demonstrated inducible 
brown adipogenesis in humans.   
 
Structure 
While white adipocytes have a large, single lipid droplet, brown adipocytes contain 
multiple, small lipid droplets.  Grossly, BAT appears brown, due to rich vascularization 
and a high number of mitochondria per cell, and thus a large quantity of cytochrome c 
(Cinti 2006; Richard and Picard, 2011).  Uncoupling protein 1 (UCP1), also known as 
thermogenin, is a mitochondrial carrier protein that spans the mitochondrial inner 
membrane and is only expressed in brown adipocytes.  It can conduct protons across the 
membrane, dissipating the electrochemical membrane potential as heat (Richard and 
Picard, 2011).  Since the proton-motive force that would otherwise be used by ATP 




The primary function of BAT is generation of heat through β-oxidation of fatty acids to 
create potential energy in the form of an electrochemical gradient across the 
10 
 
mitochondrial inner membrane and subsequent dissipation of the gradient as heat.  This 
creation of heat, called non-shivering thermogenesis (NST), is important for animals that 
are at risk of hypothermia (Cannon and Nedergaard, 2004).  As opposed to shivering 
thermogenesis, which is heat generation from muscle activity, NST involves activation of 
brown adipose.  Although NST is triggered by cold exposure, it is initiated before 
shivering thermogenesis, and the rich vascular network within BAT allows for 
distribution of the heat to the rest of the body.   
From an energy conservation perspective, BAT activity “wastes” the energy from the 
mitochondrial electrochemical gradient, which was created from oxidation of fatty acids.  
BAT is so “wasteful” that 80-100 grams (about three ounces) of BAT working at only 
half-maximal capacity can burn about 300 kilocalories per day, which translates to over 
30 pounds in a year (Stock and Rothwell, 1983).  Interestingly, studies in rodents that 
lack brown adipose show decreased fat mass and resistance to obesity, except when 
living in a thermoneutral environment (Richard and Picard, 2011; van Marken 
Lichtenbelt and Schrauwen 2011).  A study from Lowell et al. (1993) examined two 
different transgenic mice lines, each of which had diminished BAT and increased WAT 
mass, but one of the strains recovered its BAT mass and attained normal weight.  
Although the other transgenic line remained obese despite not being housed in a 
thermoneutral environment, it had developed hyperphagia, so Lowell and colleagues’ 
results may not necessarily contradict data from other BAT-deficient animal studies.  
This suggests that BAT contributes to basal energy expenditure at thermoneutrality and 




In a study of six healthy young men, Ouellet and colleagues (2012) exposed the subjects 
to 3 hours of mild cold, designed to minimize shivering.  Using PET/CT imaging and 
calorimetry, they saw increased BAT activation and measured an 80% increase in whole 
body energy expenditure, translating to an average burn of 250 kcal.  The average volume 
of brown fat activity was 168 mL, and according to van Marken Lichtenbelt and 
Schrauwen (2011) it is common to note over 100 cm
3
 of BAT in PET/CT studies. 
 
Regulation  
Adrenergic stimulation is necessary for thermogenesis.  Each brown adipocyte is 
innervated by sympathetic nerves, and activation is controlled centrally by the 
hypothalamus and brainstem.  Upon stimulation, the nerves release norepinephrine at the 
adipocytes as well as at the surrounding vasculature. (Cannon and Nedergaard, 2004; 
Richard and Picard, 2011).  Activation of the β3-adrenergic receptor induces intracellular 
metabolism of triglycerides, which produces fatty acids that act as an energy source as 
well as activate UCP1 (Richard and Picard, 2011), and this process is enhanced by 
adenosine  signaling (Gnad et al., 2014).  Although norepinephrine activates all 
adrenergic receptors, studies using receptor-specific agonists have demonstrated 
stimulation of thermogenesis only through β3-adrenoreceptor activation (Cannon and 
Nedergaard, 2004).  In work published in 2012, Whittle et al. show that bone 
morphogenetic protein 8B (BMP8B) potentiates the action of adrenergic stimulation at 
BAT, as well as increases the sympathetic stimulation of BAT.  Mice lacking BMP8B are 
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obese despite having normal-appearing BAT, and the authors demonstrate that the BAT 
is less sensitive to adrenergic stimulation. 
A result of norepinephrine acting at the β3-adrenergic receptor is activation of a signaling 
cascade resulting in cyclic AMP formation.  The drug forskolin activates adenylyl 
cyclase to increase intracellular cAMP and induce thermogenesis, and it has been used to 
stimulate expression of UCP1 and PGC-1α (Seale et al., 2008).  Another compound, 
isoproterenol is a non-selective β-adrenergic agonist that has been used to induce 
thermogenesis, but it has higher affinity for the β1-receptor (Cannon and Nedergaard, 
2004).  Crane et al. (2015) found that stimulation of thermogenesis by isoproterenol is 
diminished by pre-treatment with serotonin.  Obesity is associated with increased 
serotonin, and the authors found that mice that lack Tph1 (tryptophan hydroxylase 1), an 
enzyme that produces serotonin, are resistant to a high fat diet and their BAT is more 
active than that of controls.  When exogenous serotonin was administered, the Tph1 
knockout mice developed glucose intolerance and their BAT did not respond as robustly 
to a β-adrenergic agonist.  The authors also suppressed Tph1 in wild-type mice with a 
drug, leading to a similar phenotype as the knockout mice, with resistance to high fat diet 
and increased BAT activity. 
Triiodothyronine (T3) activates the ventromedial hypothalamus, stimulating the 
sympathetic nerves that innervate brown adipose.  It also stabilizes UCP1 mRNA 
transcripts and potentiates the sensitivity of UCP1 to adrenergic stimulation (Carvalho, et 
al. 1996).  Further, J-Y Lee et al. (2012) demonstrated that at supra-physiologic 
concentrations, T3 administered to white adipose-derived stem cells undergoing white 
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adipogenesis causes increased white adipocyte respiration, induces UCP1 expression, and 
stimulates mitochondrial biogenesis, creating a brown adipose-like phenotype.  
Agouti-related peptide (AgRP) neurons can regulate BAT through altering gene 
expression, leading to insulin resistance.  Myostatin is upregulated, among other 
myogenic genes, which Steculorum et al. (2016) determined mediated BAT insulin 
insensitivity after AgRP stimulation. 
 
Adipose-derived stem cells 
Grafting of white adipose has been a common practice in plastic surgery for years, 
particularly for soft tissue reconstruction and cosmetic enhancement (Hillel and Elisseeff, 
2010), and the potential of adipose-derived stem cells is now being realized.  Adipose 
tissue is rich with adipose-derived stem cells (ASCs), which can be differentiated along 
multiple lineages in vitro, including adipose, bone, muscle, cartilage, and more.  Adult 
stem cells avoid the ethical concerns surrounding embryonic stem cells as well as the risk 
of teratoma formation, and induced pluripotent stem cells can be challenging to create 
(Mizuno et al., 2012).  The abundance of adipose and differentiation potential of ASCs 
makes them attractive for use in regenerative medicine.  The stromal vascular fraction 
(SVF) of adipose tissue contains ASCs, preadipocytes, fibroblasts, endothelial cells, and 
other cell types, and ASCs are isolated from adipose via digestion of collagen and 
centrifugation of the sample.  Although ASCs have multiple cell surface markers, there is 
not yet a definitive phenotype, and as noted earlier, ASCs with similar cell surface 
molecules but isolated from BAT versus WAT, function differently when differentiation 
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down the same pathway (Gimble et al., 2007).  It can be difficult to distinguish ASCs 
from fibroblasts, and they have some of the same surface antigens as pericytes (Mizuno 
et al., 2012).  Further, some surface markers, such as CD34, are seen in human ASCs but 
only in certain strains of rodents and only in a small percentage of BAT ASCs; other 
surface molecules are depot-specific (Prunet-Marcassus et al., 2006).  Analysis of skin 
connective tissue fibroblasts demonstrates a diverse population of cells, which vary in 
their commitment to different lineages.  Throughout development of the embryo, Driskell 
and colleagues (2013) observed changes in cell surface markers of fibroblasts.  Through 
lineage tracing, the authors could determine which populations developed into upper 
dermis versus lower dermis, distinguishing cells that were necessary for hair development 
from those that would become adipocytes.  
As discussed earlier, brown and white precursor cells arise from different lineages, and 
Timmons et al. (2007) demonstrated different transcriptional profiles with differentiation.  
While white and brown preadipocytes shares 72% of up-regulated genes and 52% of 
down-regulated genes, there were significant differences in their gene expression 
patterns.  Notably, brown preadipocytes upregulated mitochondria-related genes and 
transiently expressed myogenic factors.  Further, the group compared the primary white 
and brown preadipocytes to immortalized white and brown adipocyte cell lines and found 
significantly different transcriptional profiles. 
 
Relevant genes for adipogenesis 
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Peroxisome proliferator activated receptor gamma (PPARγ) is a nuclear receptor in 
adipocytes and activates genes that stimulate adipogenesis, fatty acid uptake and storage, 
and glucose metabolism.  Although it is also present to some degree in macrophages, 
liver, kidney, and the colon, PPARγ is necessary for normal adipocyte development, and 
complete lack of PPARγ is lethal early in development (Jones et al., 2005).  The role of 
PPARγ in adipose is illustrated by Jones et al. (2005) with their creation of adipose-
specific PPARγ knockout mice, which lacked brown adipose and had diminished mass of 
white adipose.  Interestingly, these mice become hyperphagic but do not gain as much 
weight as control animals on a high fat diet.  In medicine, PPARγ agonists have been 
used in the form of thiazolidinediones, which are insulin-sensitizing drugs used to treat 
people with type 2 diabetes and serve to decrease serum glucose and increase adiponectin 
(Wong et al., 2011).  Although they do not directly stimulate thermogenesis, PPARγ 
agonists can enhance the thermogenic capacity of BAT by inducing brown adipose gene 
expression (Richard and Picard, 2011).   
Other adipose-specific genes include adiponectin and fatty acid binding protein 4.  
Adiponectin is a hormone secreted specifically by adipose tissue and is involved in 
regulation of fatty acid oxidation, glucose homeostasis, and insulin sensitivity.  It helps 
prevent vascular dysfunction in diabetes and it decreases with obesity (Wong et al, 2011).  
Adiponectin knockout mice have decreased browning of subcutaneous WAT in response 
to chronic cold stimulation, although their BAT function is normal (Hui et al., 2015).  
Fatty acid binding protein 4 (FABP4), also called adipocyte protein 2, is expressed in 
adipocytes and macrophages (Hotamisligil et al., 1996) and carries fatty acids (Cannon 
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and Nedergaard, 2004).  Mice null for FABP4 exhibit insulin sensitivity in the setting of 
diet-induced obesity but are otherwise normal (Hotamisligil et al., 1996). 
Relevant genes for brown adipogenesis include PRDM16, PGC-1α, and Cidea.  PRD1-
BF-1-RIZ1 homologous domain containing protein-16 (PRDM16) is a zinc finger protein 
that is necessary and sufficient to induce brown adipogenesis and can induce brown 
adipogenesis in white pre-adipocytes or myoblasts (Kajimura et al., 2010).  It activates 
PGC-1α and PPARγ by binding directly to them (Richard and Picard, 2011), and when 
expressed in white pre-adipocytes or myoblasts, it suppresses native gene expression 
programs (Seale et al., 2008).  Seale and colleagues (2008) also showed that mice lacking 
PRDM16 die at a late stage of development, and BAT from PRDM16 knockout embryos 
had increased lipid, decreased expression of BAT genes, and increased myogenic genes.  
PPARγ agonists can stimulate brown adipose gene expression in both BAT and WAT, 
and Ohno and colleagues (2012) determined that this action of the agonists is mediated 
by stabilizing the PRDM16 protein.  The following year Ohno et al. (2013) published 
work examining regulation of PRDM16 further.  They found that euchromatic histone-
lysine N-methyltransferase 1 (EHMT1) is an enzyme that is abundant in BAT and 
interacts with PRDM16 to regulate thermogenesis.  The authors knocked down EHMT1 
in brown adipocytes, leading to decreased mitochondrial respiration and uncoupling, but 
when overexpressing EHMT1 in cells, the presence of PRDM16 was necessary to 
achieve enhanced expression of thermogenic genes. 
PPARγ-coactivator-1α (PGC-1α) is a cold-inducible coactivator of PPARγ that interacts 
with PPARγ and thyroid hormone receptor to induce expression of UCP1 and it is 
necessary for cold-induced thermogenesis (Richard and Picard 2011).  It is expressed in 
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BAT, cardiac and skeletal muscle, and kidney, and it is involved in regulation of 
mitochondrial biogenesis and increases oxidative metabolism.  Further, to minimize 
cellular damage from reactive oxygen species, it enhances elimination of ROS by-
products (Austin and St.-Pierre, 2012).  Mice null for PGC-1α are cold-sensitive and 
hyperactive, have impaired mitochondrial respiration, and they gain less weight than 
controls when fed a high fat diet (Lin et al., 2004).  Cidea (cell death-inducing DNA 
fragmentation factor-like effector A) is highly expressed in BAT and plays a role in 
thermogenesis but is not induced by cAMP (Kajimura et al., 2010).  Cidea can also be 
found in cardiac and skeletal muscle, brain, and lymph nodes (Zhou et al., 2003).  Zhou 
and colleagues (2003) also found that mice lacking Cidea gain less weight than control 
animals on a high fat diet, and they maintain higher body temperature in cold conditions, 
but their BAT and WAT do not have a different morphology than that of control mice. 
 
Status of BAT field 
 
Beige/Brite cells 
For decades, it has been known that BAT-like cells can be found in WAT depots after 
chronic exposure to cold (Young et al., 1984), and they also appear in response to PPARγ 
agonists (Ohno et al., 2012) and β3-adrenergic receptor agonists (Ghorbani et al., 1997).  
Gnad et al. (2014) also observed browning of WAT with administration of adenosine 
receptor agonists.  These cells express UCP1, have multiple fat droplets, and contain 
many mitochondria.  However, the origin of these “beige” or “brite” cells is unknown.  
They are not classical BAT, as they do not arise from Myf5-expressing progenitor cells 
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(Seale et al., 2008).  Seale et al. (2011) demonstrated that murine subcutaneous WAT 
expresses more PRDM16 than visceral WAT, showing that WAT depots vary in their 
capacity for undergoing brown adipogenesis.  Some researchers have shown evidence 
that these BAT-like cells arise from stem cells, while others suggest that mature white 
adipocytes transdifferentiate to brown adipocytes (Frontini and Cinti, 2010).  With the 
rising demand for therapies for obesity, these “beige” or “brite” cells have been a topic of 
interest in the BAT field, and many groups studying BAT via genetic manipulation have 
demonstrated UCP1 expression in WAT. 
In mice that have been engineered to overexpress UCP1 in adipose tissue, driven by the 
aP2 promotor (aP2-UCP1 transgenic mice), Stefl and colleagues (1998) saw resistance to 
obesity but intolerance to cold.  These mice had atrophied BAT and expression of UCP1 
in WAT, and the authors suggested that the UCP1-positive WAT was contributing to 
energy expenditure but was unable to compensate for heat loss as well as native BAT 
would in non-transgenic mice.  In 1999, Baumruk et al. published data showing that the 
WAT from aP2-UCP1 transgenic mice was indeed uncoupled, and Rossmeisl et al. 
(2002) found that the UCP1-positive WAT had increased mitochondrial content.  
In 2001, Cederberg et al. showed that in transgenic mice that express FOXC2 specifically 
in BAT and WAT, the BAT becomes hypertrophic and the WAT has a BAT-like 
phenotype.  Their WAT expressed UCP1 and responded to β3-adrenergic stimulation, 
and the mice had a lower percent body fat and gained less weight on a high fat diet 
compared to wild-type mice.  Another transgenic mouse, the RIP140-null mouse, was 
studied by Leonardsson et al. (2004) and found to have UCP1 expression in WAT, and 
these mice also had low percent body fat and resistance to obesity. 
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Seale et al. (2011) used an adenovirus that expressed shRNA to knock down PRDM16 in 
white adipocytes after induction of brown adipogenesis, leading to decreased BAT-
specific gene expression and supporting the role of PRDM16 in brown adipogenesis.  
Tiraby and colleagues (2003) infected primary human white adipocytes with a PGC-1α 
adenovirus and saw increased UCP1 expression, which was enhanced with treatment with 
rosiglitazone (PPARγ agonist).  Although these cells only expressed about 1% of the 
relative amount of UCP1 protein present in mouse brown adipocytes, they had increased 
oxidation of fatty acids, which the authors assert is the first evidence that human white 
adipocytes can increase oxidation of fatty acids.   
 
Other attempts to create BAT 
Kajimura and colleagues (2009) created brown adipocytes from human and murine skin 
fibroblasts by transducing them with retrovirus containing PRDM16 and C/EBPβ and 
then culturing them in adipogenic medium.  After a week, the fibroblasts contained lipid, 
expressed UCP1 and PGC-1α.  These cells had higher basal oxygen consumption than 
immortalized brown adipocytes but were unable to increase their respiration.  The 
engineered brown adipocytes were transplanted into nude mice and grew into an ectopic 
BAT-like fat pad. 
Schulz et al. (2011) treated progenitor cells from murine BAT, WAT, and skeletal muscle 
with BMP7 and found that 3 days of treatment prior to adipogenic differentiation could 
promote brown adipogenesis.  However, the various progenitor cells exhibited different 
capacities for brown adipogenesis, with epididymal WAT being the least inducible.  They 
transplanted the BMP7-treated cells into mouse muscle and saw development of an 
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ectopic brown fat depot.  However, preadipocytes that were not treated with BMP7 did 
not differentiate well after transplantation.  Human preadipocytes were also treated with 
BMP7 but needed it to remain in the medium in order to continue brown adipogenic 
differentiation.  Further, they noted that preadipocytes from subcutaneous human WAT 
demonstrated better brown adipogenesis than cells from visceral fat depots.   
In an interesting study in 2013, Stanford and colleagues transplanted BAT from donor 
mice to matched recipient mice.  The recipients experienced improvements in metabolic 
parameters like insulin sensitivity and glucose tolerance, so dramatic as to reverse insulin 
resistance acquired from a high-fat diet.  This study proved the principle that increased 
BAT mass in non-transgenic mice can positively impact metabolic homeostasis.  
 
In vitro measurement of cell respiration 
Beyond expression of UCP1 protein, the definition characteristic of brown adipose is its 
ability to uncouple oxidative phosphorylation from ATP synthesis.  Therefore, it is 
important to know whether proported brown adipocytes differentiated in a lab actually 
function as expected.  Researchers can measure respiration of animals, tissue, and cells in 
various ways, although many articles describing brown adipogenesis do not measure 
function of the differentiated cells.  Techniques of measuring oxygen consumption have 
evolved.  Kopecky et al. (1996) performed respirometry on pieces of tissue using a 
Warburg vessel, and one can determine energy expenditure of animals by housing them 
in metabolic chambers that measure oxygen consumption and carbon dioxide production 
(Seale et al., 2011).  A Clark-type electrode has often been used to measure oxygen 
consumption of cells (Seale et al., 2011), but in more recent years, the Seahorse XF 
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Analyzer has been gaining popularity.  Fewer cells are required for an XF assay, the cells 
can be adherent, it has higher throughput, and the results are comparable to those from a 
Clark electrode (Divakaruni et al., 2014). 
 
Brief adipogenic differentiation time 
Of note is the variety of methods for adipogenic differentiation with no standard 
regarding the medium used, time allotted for differentiation, or characteristics to define 
“mature” cells.  The differentiation time varies widely, and ASCs from primary sources 
are often differentiated longer than immortalized cells.  Hauner et al. (1989) 
differentiated primary progenitor cells for eighteen days, Smih et al. (2002) differentiated 
them for ten days, and in the hands of Tiraby et al. (2003), they were differentiated for 
thirteen days.  
Even in the same lab there is inconsistency in the adipogenic protocol.  The Spiegelman 
lab used immortalized and primary cells (Seale et al., 2008, 2011; Cohen et al;. 2014), 
which they cultured for two days in differentiation induction medium.  They then 
switched to a differentiation medium with fewer drugs and used the cells for some 
experiments anywhere between day four and day eight of differentiation, although the 
day of use was not stated for all assays.  Oxygen consumption was measured in primary 
cells using a Clark electrode after eight days of differentiation (2011).  However, in the 
group’s 2010 paper (Schulz et al.) they induced adipogenesis in progenitor cells for two 
days, switched to a different differentiation medium for another seven days, and used the 
cells for some experiments at day twelve.  They measured expression of certain genes at 
days three, five, and twelve, and although the levels were continuing to increase, they did 
22 
 
not continue differentiation beyond day twelve.  Also, they measured the cells’ 




Seahorse XF Analyzer 
 
How it works 
The Seahorse XF24 Analyzer uses proprietary 24-well cell culture microplates and assay 
cartridges.  Probes on the cartridge correspond to the wells, and each probe has a sensor 
that detects oxygen dissolved in the medium.  During an assay, the probe is lowered such 
that a microchamber is created above the cells, and oxygen consumption is measured for 
several minutes to calculate an oxygen consumption rate (OCR).  The cartridges also 
have four drug delivery ports, and compounds can be added to the assay sequentially or 
in combination (Agilent Technologies, 2016).  The OCR corresponds to mitochondrial 
respiration, and adding particular mitochondrial toxins to the assay allows one to 
elucidate the contribution to OCR from various mitochondrial proteins.  After the assay, 
the data must be normalized to cell number. 
Other methods for measuring mitochondrial respiration can require cell permeabilization 
or mitochondrial isolation, but the Seahorse XF Analyzer assays are conducted on live 
cells via a non-destructive process.  Plates of cells can be reanalyzed and remain viable as 
long as no mitochondrial toxins are added.  Other labs have measured respiration of 
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pieces of tissue with a Clark electrode and normalized to tissue weight (Cohen et al., 
2014), but considering WAT and BAT vary in their structure and lipid content, we 
calculate OCR per cell by measuring DNA content. 
 
Drugs and their effects on the mitochondria 
To examine mitochondrial function during an XF assay, we administer oligomycin, 
FCCP, antimycin A, and rotenone to cells.  Oligomycin A inhibits the F0 subunit of ATP 
synthase, stopping movement of protons from the intermembrane space to the matrix and 
conversion of ADP to ATP.  The residual flow of protons out of the intermembrane space 
is called the proton leak, which occurs at baseline and be significant with activation of 
UCP1 (Jastroch et al., 2010).  The decrease in OCR with addition of oligomycin A 
reflects the coupling efficiency, or the degree to which substrate oxidation and creation of 
the electrochemical gradient are connected, or “coupled” to ATP synthesis.  Carbonyl 
cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP) dissipates the electrochemical 
gradient by carrying hydrogen ions across the mitochondrial inner membrane, thus acting 
as a chemical uncoupler (To et al., 2010).  Addition of FCCP stimulates maximal 
respiration. 
Antimycin A is a toxin produced by a bacterium, and it binds to Complex III and blocks 
oxidation of ubiquinol, inhibiting transport of electrons and maintenance of the 
electrochemical gradient (Ma et al., 2011).  Rotenone is a pesticide that blocks electron 
transfer from Complex I to ubiquinone, inhibiting maintenance of the electrochemical 
gradient (Freestone et al., 2009).  Injection of rotenone and antimycin A inhibit upstream 
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complexes of the electron transport chain, and the remaining measured respiration is non-
mitochondrial.  One should see a decrease in the oxygen consumption rate (due to 
impaired mitochondrial function) and an increase in glycolysis (further compensation for 
decreased mitochondrial ATP production).  The non-mitochondrial respiration is 
subtracted from the raw OCR data to calculate the mitochondrial respiration. 
 
Expectations for BAT and WAT 
The basal respiration rates (oxygen consumption rate) for WAT and BAT should be 
different, with a higher respiration rate in BAT.  Further, over 50% of BAT respiration is 
expected to be uncoupled from ATP synthesis.  Addition of oligomycin eliminates the 
portion of the basal respiration that is due to ATP synthase activity (the portion of the 
proton gradient used by ATP synthase), so the residual respiration is due to protons 
“leaking” across the inner mitochondrial membrane.  This allows measurement of 
coupling efficiency, which should be lower in BAT compared to WAT (due to presence 
of UCP1 in BAT).   
FCCP carries protons across the mitochondrial inner membrane, effectively uncoupling 
the electron transport chain from ATP synthesis.  Addition of FCCP “accelerates” the 
electron transport chain and allows us to measure maximal respiration and thus calculate 
the spare respiratory capacity.  BAT is already “uncoupled” by UCP1, so the spare 
respiratory capacity may be lower in BAT compared to WAT.  FCCP injection should 
also cause an increase in glycolysis (measured via extracellular acidification rate) as a 
way to compensate for the decreased ATP production from oxidative phosphorylation.   
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Goals of my project 
 
Increased length of adipogenesis 
As discussed above, there is not a standard time of adipogenesis, with groups running 
assays anywhere between two and eighteen days after induction of differentiation.  
Schulz et al. (2010) saw changes in gene expression over time, but did not continue the 
measurements beyond day twelve, despite lack of a plateau.  In our hands, we have seen 
continued changes over a month, which is shown in our results, and past work in our lab 
has continued white adipogenesis of embryoid body-derived cells in 3D culture for six 
weeks (Hillel et al., 2009). 
 
Use primary cells, not immortalized cells or viral vectors 
We have a particular interest in translational research, so we desire to avoid using 
immortalized cells or viral vectors, as they are less immediately translatable to human 
medicine than use of primary cells.  Further, Timmons et al. (2007) showed that primary 
white and brown preadipocytes have a different transcriptional profile than immortalized 
white or brown preadipocytes.  Kajmura et al. (2009) saw different respiratory profiles in 
their immortalized brown adipocytes compared to fibroblasts that had been differentiated 
into brown adipocytes via retroviral gene delivery.  With these questions of what kind of 
lab-created brown adipocyte is closest to “real” BAT, and with our interest in 




Fill gap in knowledge regarding respiration of primary cell-derived ASCs and adipocytes 
We compare mitochondrial respiration of white and brown ASCs, as well as that of fully 
differentiated rat and human ASCs that have undergone brown and white adipogenesis.  
To our knowledge, the gene expression profiles and mitochondrial respiration of these 
differentiating, non-immortalized, non-transfected cells have not previously been 
examined out to four weeks.  
 
Fill gap in tissue engineering regarding study of BAT 
As discussed, many researchers are using transgenic mice or viruses to study regulation 
of BAT and explore ways to enhance energy expenditure from both BAT and WAT.  
However, there is a lack of overlap between tissue engineering and BAT fields.  The 
work on BAT has been exclusively in cells grown in monolayer or in animals.  However, 
conducting experiments with cells grown in a 3D environment, mimicking their natural 
conformation, is an important step on the road to discovery.   
Our lab has experience with harvesting adipose-derived stem cells, and we have created 
implants composed of synthetic scaffolds seeded with ASCs that have been differentiated 
into a variety of mature cell types.  We now have applied our experience and expertise to 
create synthetic brown adipose “tissue.”  While other attempts in the field to “engineer” 
BAT have focused on genetic engineering, such as using viral vectors or genetically 
modified mice, our technique uses a combination of drugs and environment to 
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differentiate adipose-derived stem cells to brown adipocytes in a 3-dimensional synthetic 
scaffold.  Further, we have been able to measure oxygen consumption per cell in our 
engineered WAT and BAT, which informs the literature regarding differences between 
rat versus human cells and 2D versus 3D environments.  Here we show that the 
physiologic and mechanical environments influence brown adipogenesis, impacting 
differentiation lineage and function of mature cells. 
 
 
MATERIALS AND METHODS 
 
Cell Isolation.  
Interscapular brown adipose tissue (BAT) and inguinal white adipose tissue (WAT) were 
harvested from adult Sprague-Dawley rats, and human subcutaneous WAT was 
harvested from abdominoplasty surgical waste from the University of Maryland.  To 
isolate ASCs the tissue was digested with 0.1% collagenase type I (Worthington) at 37°C 
for 2 hours, then centrifuged, and the top layer of oil and floating adipocytes were 
removed.  Erythrocytes were lysed with a solution of 155 mM NH4Cl, 10 mM KHCO3, 
and 0.1 mM EDTA, adjusted to pH 7.3, and the slurry was passed through a 40 um cell 
strainer and centrifuged.  The cell pellet was resuspended in DMEM/F12 (Gibco (Life 
Technologies), Grand Island, NY, USA) supplemented with 10% fetal bovine serum 
(FBS; Thermo Fisher Scientific, Waltham, MA, USA) and 100 U/mL penicillin and 100 
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μg/mL streptomycin (Pen Strep; Gibco), plated in tissue culture flasks, and cultured at 
37°C in 5% CO2.  Human ASCs were expanded in growth medium supplemented with 8 
ng/mL bFGF (Peprotech, Rocky Hill, NJ, USA).  The cells were expanded and at 
passage 4 they were plated at 5000 cells/cm
2
 and cultured in brown or white adipogenic 
media after reaching ~80% confluency.   
 
Migration study 
Brown or white ASCs were starved of serum for 24 hours prior to being seeded in the 
upper chamber of 6.5 mm transwells (Sigma-Aldrich, St. Louis, MO, USA) at 25,000 
cells/well.  To the bottom of the wells was added 10% FBS (positive control), serum-free 
medium (negative control, or ECM from brown or white adipose in low or high 
concentrations (1 or 10 μg/mL).  The process for preparation of adipose ECM is 
described in Wu et al. (2012).  Three transwells were tested per condition.  After 6 hours, 
cells from the upper side of the membrane were removed and cover slips were mounted 
on the bottom of the membrane with Vectashield with DAPI (Fisher Scientific, 
Pittsburgh, PA, USA).  Three images were taken per well, and cells were counted from 
the images using ImageJ software. 
 
Cell differentiation 
To differentiate ASCs to white adipocytes, we cultured them in adipogenic medium 
composed of high-glucose (25 mM) DMEM (Gibco) supplemented with 10% FBS, 100 
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U/mL penicillin and 100 μg/mL streptomycin, 1 μM dexamethasone (Sigma-Aldrich), 
100 μM indomethacin (Sigma-Aldrich), 500 μM 3-isobutyl-1-methylxanthine (IBMX; 
Sigma-Aldrich), and 10 μg/mL bovine insulin (Cell Applications, San Diego, CA, USA).  
Brown adipogenic medium was composed of high glucose DMEM with 10% FBS, 100 
U/mL penicillin and 100 μg/mL streptomycin, 0.5 μM dexamethasone, 125 nM 
indomethacin, 250 μM IBMX, 850 nM bovine insulin, 1 μM rosiglitazone (a PPARγ 
agonist) (Cayman Chemical Company, Ann Arbor, MI, USA), and triiodothyronine (T3, 
thyroid hormone; 1 nM for rat ASCs, 250 nM for human ASCs) (Sigma-Aldrich).  ASCs 
from BAT and WAT were cultured in adipogenic media both in 2D monolayer and 
encapsulated in 3D hydrogels.  The media were changed three times per week. 
 
Hydrogel encapsulation and 3D culture 
Hydrogels were formed with UV-sterilized poly(ethylene glycol)-diacrylate (PEGDA; 
SunBio, Anyang City, South Korea) at either 5% or 10% w/v in sterile PBS, with or 
without functionalization with RGD peptide (arginine-glycine-aspartate) in the form of 
CDYRGDS at 0.5% w/v. CD (cyclodextrin rings) were added to minimize the effect on 
the mechanical properties of the hydrogel (peptide conjugation previously described in 
Singh et al., 2013).  The photoinitiator Irgacure 2959 (Ciba Specialty Chemicals (BASF 
Corp.), Florham Park, NJ, USA) was dissolved in 70% ethanol and added to the PEGDA 
solution at a final concentration of 0.5 mg/mL.  ASCs were suspended in the hydrogel 
solution at 20 million cells/mL and pipetted into 20 uL or 100 uL molds.  The gels were 
photopolymerized under UV light for 5 minutes, removed from the molds, and incubated 
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in 12-well non-tissue culture plates in white or brown adipogenic media at 37°C with 5% 
CO2. 
 
In vivo study 
Rat ASCs derived from BAT were encapsulated in 100 uL 10% PEGDA hydrogels, 
differentiated in vitro in brown adipogenic medium for 4 weeks, and then implanted 
subcutaneously along the dorsum of athymic rats.  The implants were harvested at 1 
month after implantation.  Immunohistochemistry was performed on the samples, probing 
for UCP1 and PPARγ, and samples were stained with Alizarin Red to show the presence 
of calcium.   
 
Cell staining and histology 
Monolayer cells were fixed with 10% formalin for 10 minutes, and hydrogels were cut in 
half and fixed in 10% formalin overnight.  The hydrogels were embedded in paraffin 
after a standard histological dehydration protocol, and 5 um sections were prepared.  
Cells in monolayer were stained with 3 mg/mL Oil Red O in 50.4% triethyl phosphate to 
assess lipid content. To evaluate calcification in hydrogels, sections were stained with 1% 
Alizarin Red S solution at pH of 4.1 – 4.3 for 5 minutes.  Immunocytochemistry (ICC) 
and immunohistochemistry (IHC) were performed using antibodies against UCP1 (1:500, 
rabbit anti-UCP1; Abcam, Cambridge, MA, USA) and PPARγ (1:50, rabbit anti-PPARγ; 
Santa Cruz Biotechnology, Santa Cruz, CA, USA) for a qualitative assessment of 
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expression of those proteins.  For ICC the primary antibody was detected with Alexa 
Fluor 594 goat anti-rabbit (Life Technologies) and nuclei were stained with 0.1 μg/mL 
Hoechst 33342 (Invitrogen), and for IHC the primary antibody was detected with the 
SuperPicTure HRP Polymer Conjugate Rabbit Primary (DAB) KIT (Invitrogen).  Images 
of monolayer cells were taken using a Zeiss Axio Observer.A1 inverted microscope (Carl 
Zeiss Microscopy, Thornwood, NY, USA) with a 40x objective, and images of cells in 
hydrogels were obtained with a Zeiss Axio Imager.A2 upright microscope (Carl Zeiss 
Microscopy) with a 40x objective. 
 
Real time quantitative PCR 
Expression of adipose-specific genes (Adiponectin, FABP4, PPARγ), and BAT-specific 
genes (UCP1, PRDM16, PGC-1α, Cidea) was quantified using real time quantitative 
PCR.  RNA was isolated from cells using TRIzol (Life Technologies), SuperScript III 
Reverse Transcriptase (Life Technologies) was used to synthesize cDNA, and SYBR 
Green (Life Technologies) was used for dsDNA detection.  Each PCR reaction was 
performed in triplicate, and the fold change in expression of the genes is presented as 2
-
ΔΔCT
 where β-actin was used as the endogenous reference, and the change is relative to 





We used the Seahorse Biosciences XF24 Extracellular Flux Analyzer to assess the 
metabolic function of live cells.  The XF Analyzer measures the oxygen consumption 
rate (OCR) and extracellular acidification rate (ECAR) of live cells in real time by 
creating a 7 uL microchamber around monolayer cells and measuring the oxygen in and 
pH of the medium using fluorescent probes.  After four weeks of differentiation, cells 
were plated at a density of 20,000 cells/well on 24-well XF microplates (Seahorse 
Bioscience, Billerica, MA, USA) coated with 0.1% gelatin.  Assays were conducted 1 
week after plating.  Cells encapsulated in 5% PEGDA hydrogels were assessed 5 weeks 
after initiation of differentiation, and the XF islet capture plates were used.  Unbuffered 
white or brown XF assay media were prepared on the day of each assay, using XF assay 
medium (Seahorse Bioscience) supplemented with 1 mM sodium pyruvate, 25 mM 
glucose, and the respective concentrations of drugs found in the differentiation media.  
The media were warmed to 37°C, brought to pH 7.4, and filter-sterilized.  The cells were 
rinsed three times with XF medium and put in a 37°C incubator without CO2 for 45 
minutes prior to the assay.  The oligomycin, FCCP, rotenone, and antimycin A were 
dissolved at 10x concentration in XF medium such that the final working concentrations 
for the compounds were: 1 μM oligomycin; 250 nM FCCP for monolayer cells, 10 μM 
FCCP for hydrogels; 2 μM rotenone; 2 μM antimycin A.  These compounds were 
purchased from Seahorse Bioscience.  The drugs were loaded into the injection ports of 
the XF cartridge for the assay, and after at least four basal measurements, oligomycin, 
FCCP, rotenone, and antimycin A were injected sequentially to characterize the 
mitochondrial function of the cells.  At least four measurements were taken after 
injection of each drug.  The changes in OCR after treatment with these compounds allow 
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us to determine the basal mitochondrial respiration, the amount of proton leak, and the 
spare respiratory capacity of the cells.  At the end of each assay, cells were rinsed with 
PBS and lysed with cold lysing solution (10 mM Tris, 1 mM EDTA, 0.1% Triton X-100, 
0.1 mg/mL proteinase K), and the lysates were transferred to microcentrifuge tubes.  
Hydrogels were frozen with liquid nitrogen and homogenized with pestles in individual 
microcentrifuge tubes before adding lysing solution.  The lysates were digested 
overnight at 50°C.  To normalize the metabolic data, the PicoGreen DNA assay was 
performed on the lysate from each XF well to measure the DNA content of the cells. 
Results are presented as the mean +/- SD.  The t-test and one-way ANOVA with Tukey’s 
post-test were used to determine differences between groups, as appropriate.  A p-value 
of < 0.05 was considered statistically significant.  Statistical analyses were performed 






Comparison of rat white and brown ASCs  
As shown in Figure 1A and 1B, the migration responses of rat brown and white adipose-
derived stem cells to ECM derived from rat brown and white adipose were analyzed.  The 
positive control was 10% FBS, serum-free medium served as a negative control, and low 
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and high concentrations (1 or 10 μg/mL) of brown or white adipose ECM were the tested 
conditions.  In Figure 1A, the results are grouped by brown or white ASCs to show their 
responses to ECM by cell type.  Among ECM types, the brown ASCs were most attracted 
to the high concentration of white adipose ECM, although the low concentration also 
induced migration significantly.  Their migration response to BAT ECM was 
significantly different than serum-free medium only at the lower concentration of ECM.  
The white ASCs only had a significant migration response to the low concentration of 
BAT ECM and the high concentration of WAT ECM.  Figure 1B groups the results by 
type of stimulus and compares the responses of brown and white ASCs to each other.  
The brown ASCs migrated significantly more toward the 10% FBS, the low 
concentration of BAT ECM, and both concentrations of WAT ECM.  However, their 
basal migration rate is the same, as there is no difference in their response to serum-free 
medium.  Neither cell type migrated toward the high concentration of BAT ECM. 
The basal gene expression of rat brown and white ASCs was compared after one day in 
growth medium and is represented as fold change relative to gene expression of the white 
ASCs (Figure 2).  Adipose-specific genes were evaluated in order to establish a baseline 
prior to differentiation.  The brown ASCs had less basal expression of the fat genes 
adiponectin, PPARγ, and FABP4, and they had greater expression of the brown fat gene 
UCP1.  
The ASCs were further characterized by measuring their basal mitochondrial respiration 
(Figure 3) before differentiation.  The basal mitochondrial respiration is calculated by 
subtracting the non-mitochondrial respiration from the initial measurements of OCR, 
before any drugs are applied to the assay.  OCR per cell was significantly higher in 
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brown ASCs than in white ASCs, further confirming the fact that these cells have 
different functions.                
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Cell migration response to ECM, by stimulus
 
Figure 1.  ASC migration response to ECM, organized by cell type (A) or by stimulus (B).  Brown and 
white ASCs migrated across transwells in response to ECM from brown or white adipose at low or high 
concentrations.  B = BAT-derived ECM; W = WAT-derived ECM; Low = 1 μg/mL; High = 10 μg/mL.  * : 
p < 0.05. 
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Figure 2:  Gene expression of undifferentiated rat ASCs.  The basal gene expression of rat brown and white 
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Figure 3:  The basal mitochondrial respiration of rat adipose-derived stem cells, shown as oxygen 
consumption rate per cell.  *** = p < 0.001. 
 
 
Adipogenic differentiation of ASCs in monolayer 
Using white and brown adipogenic media, rat white ASCs and brown ASCs were 
differentiated for four weeks to white and brown adipocytes, respectively.  White ASCs 
were also differentiated to brown adipocytes.  Their phenotypes were characterized with 
immunocytochemistry to identify expression of UCP1 and PPARγ proteins and with Oil 
Red O staining to evaluate lipid content (Figure 4).  Hoechst stain was used to identify 
nuclei.  The differentiated cells contained lipid (left column, red) and were 
immunoreactive for PPARγ (center column, green), and the brown adipocytes were also 
immunoreactive for UCP1 (right column, green).  Further, the “white-to-brown” cells 
also showed UCP1 immunoreactivity, appearing to have the same phenotype as the 
brown adipocytes.  As expected, the white adipocytes did not express UCP1. 
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The same differentiation procedure was completed on ASCs from human subcutaneous 
white adipose tissue, with white ASCs undergoing white and brown adipogenesis for four 
weeks (Figure 5).  Both white and brown differentiated adipocytes were full of lipid (left 
column, red) and expressed PPARγ (center column, green).  Although the white ASCs 
that differentiated to brown adipocytes were immunoreactive for UCP1, surprisingly 
some of the white adipocytes also expressed UCP1 (right column, green). 
Beyond evaluating cells at the end of differentiation, gene expression of ASCs 
undergoing adipogenesis was measured with RT-PCR weekly across the 28-day 







Rat ASC Adipogenic Differentiation
 
Figure 4:  Adipogenic differentiation of rat ASCs, four weeks.  Oil Red O reveals lipid droplets in cells. 
Immunostaining confirms presence of PPARγ (center, green) and UCP1 (right, green).  Nuclei are blue in 
fluorescent images.  “White” = white adipogenic differentiation of white adipose-derived stem cells. 
“Brown” = brown adipogenic differentiation of brown adipose-derived stem cells.  “White  Brown” = 










Human ASC Adipogenic Differentiation
 
Figure 5:   Adipogenic differentiation of human ASCs, four weeks. Oil Red O shows lipid-laden cells. 
Immunostaining confirms presence of PPARγ (center, green) and UCP1 (right, green).  Nuclei are blue in 
fluorescent images.  “White” = white adipogenic differentiation of white adipose-derived stem cells. 




FABP4, and brown adipose-specific UCP1, cidea, and PGC-1α.  Figure 6A shows results 
from rat white ASCs and brown ASCs undergoing white and brown adipogenesis, 
respectively, and Figure 6B is data from rat white ASCs differentiating to brown 
adipocytes (“white-to-brown” adipocytes).  RT-PCR analysis of RNA taken weekly over 
four weeks of adipogenesis demonstrated increases in adipose-specific genes, represented 
as fold change relative to basal “Day 0” gene expression of rat white adipose-derived 
stem cells.  Both white and brown adipocytes showed increased expression of adipose-
specific genes (adiponectin, PPARγ, FABP4), and the brown adipocytes had greater 
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expression of brown-adipose specific genes (UCP1, cidea, PGC-1α) than the white 
adipocytes.  The white-to-brown adipocytes also showed increased expression of 
adipose-specific genes (adiponectin, PPARγ, FABP4) and brown-adipose specific genes 
(UCP1, Cidea, PGC-1α), with the greatest fold change in PGC-1α expression among the 
brown-adipose specific genes.  Their expression of adipose-specific genes was 
comparable to that of white adipocytes, and their expression of brown adipose-specific 
genes was similar to that of white adipocytes until days 21 and 28, when the expression 
began to increase, although not reaching the level of brown adipocytes. 
The gene expression of human white ASCs undergoing white or brown adipogenesis was 
also evaluated over 28 days (Figure 7), looking at the same genes as examined in the rat 
ASCs, in addition to the brown adipose-specific PRDM16.  RT-PCR analysis of RNA 
taken weekly over four weeks of adipogenesis demonstrated increases in gene expression, 
represented as fold change relative to basal “Day 3” gene expression of human white 
ASCs.  The upper two graphs show changes in adipose-specific genes and the lower two 
graphs show changes in brown adipose-specific genes.   
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Adipogenesis of rat ASCs across 4 weeks
Fold change relative to 
White, Day 0
 
 Brown adipogenesis of rat white ASCs across 4 weeks
Fold change relative 
to White, Day 0
Figure 6:  Changes in gene expression with adipogenesis of rat ASCs across four weeks.  This figure 
represents changes in gene expression of rat white ASCs and brown ASCs undergoing white and brown 
adipogenesis, respectively (A) and of white ASCs undergoing brown adipogenesis (B). RT-PCR analysis of 
RNA taken weekly over four weeks of adipogenesis demonstrated increases in adipose-specific genes.  
Data is represented as fold change relative to basal “Day 0” gene expression of rat white adipose-derived 
stem cells.  “Brown” (green line) = brown adipogenesis of brown ASCs.  “White” (red line) = white 





Both white adipocytes and white-to-brown adipocytes showed increased expression of 
adipose-specific genes (adiponectin, PPARγ, FABP4), which plateaued or decreased after 
the first week of differentiation.  Interestingly, human ASCs showed increased expression 
of the brown adipose-specific genes UCP1 and cidea whether they were undergoing 
white or brown adipogenesis, which is reminiscent of the UCP1 immunoreactivity of 




Adipogenesis of human ASCs
Fold change 
relative to Day 3
 
Figure 7:  Changes in gene expression with adipogenesis of human ASCs across four weeks. This figure 
represents changes in gene expression of human white adipose-derived stem cells undergoing white or 
brown adipogenesis.  The upper two graphs show changes in adipose-specific genes and the lower two 
graphs show changes in brown adipose-specific genes. RT-PCR analysis of RNA taken weekly over four 
weeks of adipogenesis demonstrated increases in gene expression, represented as fold change relative to 
basal “Day 3” gene expression of human white ASCs.  “White” = white adipogenic differentiation of white 
adipose-derived stem cells.  “White  Brown” = brown adipogenic differentiation of white adipose-




white-to-brown adipocytes demonstrated increased expression of PGC-1α or PRDM16.  
Human ASCs undergoing brown adipogenesis expressed brown adipose-specific genes at 
higher levels sooner than human ASCs undergoing white adipogenesis, but by Day 21 the 
fold changes of UCP1 and Cidea were about the same in both groups (circled in red). 
Beyond changes in gene expression, the function of the differentiated adipocytes was 
evaluated by assessing their mitochondrial respiratory profiles.  It was expected that 
brown adipocytes would have higher basal respiration than white adipocytes, and it was 
hoped that the white-to-brown adipocytes would function like brown adipocytes.  Figure 
8A compares oxygen consumption rates (OCR) of ASCs to their respective differentiated 
cells, showing an increase of basal OCR with differentiation.  Interestingly, the brown 
ASCs had higher respiration than the differentiated white adipocytes.  As shown in 
Figure 8B, rat brown adipocytes had higher basal respiration than white adipocytes as 
expected.  Surprisingly, the white-to-brown adipocytes had significantly higher basal 
respiration than both brown and white adipocytes, with a basal OCR about 4-fold higher 
than that of white adipocytes and about 2-fold higher than that of brown adipocytes.  To 
examine uncoupling of the adipocytes, oligomycin was administered to inhibit the F0 
subunit of ATP synthase, and the OCR was measured.  Figure 8C compares the OCR due 
to proton leak among the three types of differentiated adipocytes after 5 weeks of 
adipogenic differentiation.  The proton leak represents the level of uncoupling of the 
cells, and this portion of mitochondrial respiration is calculated by subtracting the non-
mitochondrial respiration from the post-oligomycin respiration.  As expected, the level of 
uncoupling of brown adipocytes was higher than that of white adipocytes.  Interestingly, 
the white-to-brown cells had significantly higher proton leak and were more uncoupled  
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Figure 8:  Mitochondrial respiratory profile after adipogenic differentiation of rat ASCs. A: Change in basal 
mitochondrial respiration of rat ASCs after adipogenic differentiation for 5 weeks.  B:  Comparison of basal 
mitochondrial respiration among the three types of differentiated adipocytes after 5 weeks of adipogenic 
differentiation.  C:  OCR due to proton leak among the three types of differentiated adipocytes.  D:  
Comparison of the maximum respiratory capacity among the three types of differentiated adipocytes.  E:  
Percent spare respiratory capacity, or the percent of maximum respiration that is reserved, among the three 
types of differentiated adipocytes.  W-ASC = white adipose-derived stem cells.  B-ASC = brown adipose-
derived stem cells.  “White” = white adipogenic differentiation of white ASCs.  “White  Brown” = 
brown adipogenic differentiation of white ASCs.  “Brown” = brown adipogenic differentiation of brown 






than both white and brown adipocytes.  To measure the maximum respiratory capacity of 
the adipocytes, the ionophore FCCP was added to the cells.  The maximum respiratory 
capacity is calculated by subtracting the non-mitochondrial respiration from the 
respiration measured after addition of FCCP to the cells.  Figure 8D compares the 
maximum respiratory capacity among the three types of differentiated adipocytes.  The 
white-to-brown adipocytes had significantly higher maximum respiratory capacity than 
both white and brown adipocytes, while the maximum respiratory capacity did not differ 
significantly between white and brown adipocytes.  The spare respiratory capacity is the 
difference between the basal OCR and the OCR after addition of FCCP.  To calculate the 
percent spare respiratory capacity, or the percent of maximum respiration that is reserved, 
the spare respiratory capacity is divided by the maximum respiratory capacity and 
multiplied by 100.  Figure 8E compares the percent spare respiratory capacity among the 
three types of differentiated adipocytes.  Although the white-to-brown adipocytes had 
significantly higher maximum respiratory capacity than white and brown adipocytes 
(Figure 8D), their percent spare respiratory capacity was not significantly different from 
that of brown adipocytes.  The percent spare respiratory capacity of white adipocytes was 
significantly lower than that of brown and white-to-brown adipocytes.   
The mitochondrial profile of differentiated human ASCs was also assessed.  Figure 9A 
demonstrates that the basal mitochondrial respiration increases with differentiation of 
human white ASCs to white adipocytes or to brown adipocytes.  However, no significant 
difference in basal respiration was exhibited between white and white-to-brown 
adipocytes.  Surprisingly, the white adipocytes had significantly higher proton leak 
(Figure 9B), meaning they were more uncoupled than the white-to-brown adipocytes, 
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even though both types of adipocytes showed UCP1 immunoreactivity (Figure 5).  The 
maximum respiratory capacity did not differ significantly between white adipocytes and 
white-to-brown adipocytes, but the white adipocytes had significantly higher percent 
spare respiratory capacity than the white-to-brown adipocytes.        
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Figure 9:  Mitochondrial respiratory profile after adipogenic differentiation of human ASCs. A:  Change in 
basal mitochondrial respiration of human ASCs after adipogenic differentiation for 5 weeks.  B:  OCR due 
to proton leak between white and white-to-brown adipocytes.  C:  Comparison of the maximum respiratory 
capacity between the two types of differentiated adipocytes.  D:  Percent spare respiratory capacity, or the 
percent of maximum respiration that is reserved, between white and white-to-brown adipocytes.  “ASC” = 
human white adipose-derived stem cells. “White” = white adipogenic differentiation of human white ASCs.  









In vivo differentiation of encapsulated rat ASCs 
As the author’s lab had experience encapsulating cells in 10% PEG hydrogels and 
implanting them into rats, the next step of the present study was to assess in vivo 
differentiation of rat brown ASCs.  The ASCs were encapsulated in 10% PEG hydrogels 
and cultured in brown adipogenic medium in vitro for four weeks prior to implantation in 
immunocompromised rats.  Four weeks later, the constructs were removed and a dramatic 
effect of the local environment on differentiation was observed.  When the implants were 
cut for processing, it was clear that the center had calcified.  Sections were probed for 
immunoreactivity against UCP1 and PPARγ, as well as stained for calcium with Alizarin 
Red.  The left image of Figure 10 is a cross-section of an implant stained with Alizarin 
Red and viewed at low magnification.  The center of the construct is full of cells that 
have deposited calcium-rich ECM.  The center and right images are taken at high 
magnification of cells at the periphery of the implant, and those cells show 
immunoreactivity for PPARγ and UCP1 respectively.  Despite ASCs at the center of the 
implant undergoing osteogenesis, the cells at the edges of the constructs had  
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Figure 10.  Effect of local environment on differentiation of brown ASCs.  Left image, scale bar = 200 μm.  
Center and right images, scale bar = 20 μm. 
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characteristics of brown adipocytes.  This figure shows a dramatic example of how the 
microenvironment within a hydrogel can influence differentiation, even in the presence of 




Influence of the scaffold on adipogenic differentiation 
Upon the observations from the in vivo experiment, the next step of the study was to 
optimize the hydrogel to support brown adipogenesis throughout the construct.  ASCs 
were encapsulated in various scaffolds that had modified adhesion and stiffness, with a 
goal of delineating which environments encourage brown adipogenic differentiation.  The 
size of the construct was also modified to improve diffusion of oxygen and nutrients to 
the center of the gel.  Figure 11 evaluates the impact of matrix stiffness on brown 
adipogenesis of rat brown ASCs.  Cells underwent 4 weeks of brown adipogenic 
differentiation in either 5% PEG gels (softer) or 10% PEG gels (stiffer).  Sections of the 
hydrogels were probed for UCP1 and PPARγ, and Figure 11A demonstrates that 5% PEG 
gels had more UCP-ir and PPARγ-ir cells with greater intensity of staining (brown color), 
compared to 10% PEG gels.  Figure 11B shows levels of adipose-specific and brown 
adipose-specific gene expression through RT-PCR analysis of RNA from the 3D 
constructs.  The data are represented as fold change in gene expression relative to that of 
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Figure 11:  Influence of stiffness of the material on brown adipogenesis of rat brown ASCs.  A:  
Immunoreactivity to PPARγ and UCP1 of rat brown ASCs that underwent four weeks of brown adipogenic 
differentiation in 5% PEG gels or 10% PEG gels.  Scale bar = 20 μm.  B:  RT-PCR analysis of RNA from 
the 3D constructs, represented as fold change in gene expression relative to brown ASCs differentiated in 





Regarding the adipose-specific genes adiponectin, PPARγ, and FABP4, cells grown in 
3D culture had lower gene expression than those grown in 2D culture (except for FABP4 
expression in 5% PEG gels, which was approximately equivalent to 2D culture).  
However, cells grown in 10% PEG gels had even lower adipose-specific gene expression 
than those grown in 5% PEG gels.  Regarding the brown-adipose specific genes UCP1 
and PGC-1α, ASCs differentiated in the softer 5% PEG gels had higher gene expression 
than those grown in 2D culture.  Across the four brown adipose-specific genes, cells 
grown in 5% PEG gels had higher gene expression than those grown in 10% PEG gels, 
except for PRDM16, which was higher in 10% PEG gels. 
The effect of matrix adhesive properties on brown adipogenesis of rat brown ASCs is 
described in Figure 12.  Rat brown ASCs underwent four weeks of brown adipogenic 
differentiation in either 5% PEG gels or 10% PEG gels with or without functionalization 
with the RGD peptide.  Figure 12A shows UCP1 and PPARγ immunoreactivity among 
the constructs, demonstrating that 5% PEG gels without RGD had more UCP-ir and 
PPARγ-ir cells with greater intensity of staining (brown color), compared to the other 
gels.  Figure 12B compares gene expression among cells grown in the four types of 
constructs, and the data are represented as fold change in gene expression relative to 
brown ASCs differentiated in 2D culture and harvested at Day 28 of differentiation.  
Regarding the adipose-specific genes adiponectin, PPARγ, and FABP4, cells grown in 
10% PEG gels, regardless of presence of RGD, had lower adipose-specific gene 
expression than those grown in 5% PEG gels.  Regarding the brown adipose-specific 
genes UCP1 and PGC-1α, cells grown in 5% PEG gels without RGD had the highest 
gene expression.  Cidea expression was higher in 5% PEG gels than in 10% PEG gels,  
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Figure 12:  Influence of adhesive properties of the material on brown adipogenesis of rat brown ASCs.  A:  
Immunoreactivity to PPARγ and UCP1 of rat brown ASCs that underwent four weeks of brown adipogenic 
differentiation in 5% PEG gels or 10% PEG gels, with or without RGD.  Scale bar = 20 μm.  B:  RT-PCR 
analysis of RNA from the 3D constructs, represented as fold change in gene expression relative to brown 





regardless of presence of the RGD peptide.  The 10% PEG gel without RGD had the 
highest expression of PRDM16, but overall the 5% PEG gel without RGD was most 
conducive to brown adipogenesis.  Across the four brown adipose-specific genes, 
presence of the RGD peptide either negatively affected gene expression (UCP1, PGC-1α, 
PRDM16) or did not affect it (Cidea). 
The influence of diffusion capability on white and brown adipogenesis was examined 
initially by constructing either 20 μL or 100 μL volume hydrogels made of 10% PEG.  
Rat white ASCs and brown ASCs underwent white and brown adipogenesis, and Figure 
13A demonstrates the different locations of UCP1-ir and PPARγ-ir cells within the gels, 
showing variability between the edges and centers of the constructs.  In the larger 100 μL 
constructs containing white ASCs undergoing white or brown adipogenesis, there was a 
notable difference in PPARγ and UCP1 immunoreactivity (brown color) in cells at the 
edge of the gel compared to those in the center.  This difference was less striking in the 
brown ASCs undergoing brown adipogenesis and in cells grown in the 20 μL gels.  
Figure 13B shows gene expression levels between the adipocyte types, examining the 
effect of hydrogel size.  The data are represented as fold change in gene expression 
relative to the gene expression of the 100 μL constructs containing white ASCs 
undergoing white adipogenic differentiation.  Expression of adiponectin was lower in the 
smaller constructs that contained white and white-to-brown adipocytes, but otherwise 
expression of adipose-specific genes (PPARγ and FABP4) was higher in the smaller 
constructs across all types of adipocytes.  UCP1 expression in white-to-brown adipocytes 
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Figure 13:  Influence of diffusion capability on adipogenesis in 10% PEG hydrogels, 3 weeks.  A:  
Comparison of the location of UCP1-ir and PPARγ-ir cells within gels containing rat white ASCs and 
brown ASCs that underwent white or brown adipogenic differentiation.   The gels were either 100 μL or 20 
μL in volume.  Scale bar = 20 μm.  B:  RT-PCR analysis of RNA from the 3D constructs is represented as 
fold change in gene expression relative to the gene expression of the 100 μL constructs containing white 
ASCs undergoing white adipogenic differentiation.  “White” = white adipogenic differentiation of white 
adipose-derived stem cells.  “White  Brown” = brown adipogenic differentiation of white adipose-





smaller constructs.  Cidea expression was higher in the small constructs across the three 
types of adipocytes.  
As 5% PEG had enhanced brown adipogenesis (Figures 11, 12), the diffusion capability 
on brown adipogenesis was further examined by differentiating rat brown ASCs to brown 
adipocytes in 5% PEG gels of either 20 μL or 100 μL in volume.  Figure 14A shows 
immunoreactivity to PPARγ and UCP1 of brown adipocytes, and the images are of 
sections taken from the center of the gels.  The images show that the 20 μL gels had more 
UCP-ir and PPARγ-ir cells (brown color), compared to the 100 μL gels.  Figure 14B 
compares gene expression between cells in the different sized constructs, represented as 
fold change in gene expression relative to the larger construct.  Regarding the adipose-
specific genes adiponectin, PPARγ, and FABP4, cells grown in the smaller constructs 
had higher gene expression.  Regarding the brown adipose-specific genes, the cells grown 
in the smaller construct had less UCP1 expression and approximately equal cidea 
expression relative to those grown in the larger construct.  Considering the initiative for 
modifying the material was differentiation down an undesired lineage in the center of the 
gels, it was determined that the smaller constructs were overall more favorable for brown 
adipogenesis. 
Having determined that 20 μL, 5% PEG gels without RGD functionalization were most 
conducive to brown adipogenesis of rat brown ASCs, human white ASCs were 
encapsulated in 20 μL, 5% PEG gels and differentiated to white and brown adipocytes for 
four weeks.  The images in Figure 15A compare the immunoreactivity to PPARγ and 
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Figure 14:  Influence of diffusion capability on brown adipogenesis in 5% PEG hydrogels, 4 weeks.  A:  
Comparison of UCP1 and PPARγ immunoreactivity of cells within the center of gels that were either 100 
μL or 20 μL in volume.  Scale bar = 20 μm.  B:  RT-PCR analysis of RNA from the 3D constructs is 





gels containing white-to-brown adipocytes had more UCP-ir cells (brown color, right 
lower  image), compared to gels containing white adipocytes.  Unlike in 2D, the human 
white adipocytes were not enriched with UCP1, and the white-to-brown adipocytes had 
excellent UCP1 immunoreactivity.  The difference in UCP1 immunoreactivity between 
the two types of adipocytes is more striking in this 3D environment than in 2D culture 
(see Figure 5), and aligns with the expectation that white adipocytes would not express 
UCP1.   Figure 15B describes differences in gene expression, represented as fold change 
relative to the gene expression of the white adipocytes.  The left graph shows changes in 
adipose-specific genes and the right graph shows changes in brown adipose-specific 
genes.  The white-to-brown adipocytes showed increased expression of the adipose-
specific genes adiponectin and FABP4 and of the brown adipose-specific genes UCP1 
and cidea (red arrows).  The adipocytes had approximately equal expression of adipose-
specific PPARγ and brown adipose-specific PGC-1α and PRDM16.  Interestingly, these 
data differ from the relative gene expression in 2D, as the white adipocytes and white-to-
brown adipocytes in 2D culture had approximately equivalent expression of UCP1 and 
cidea after four weeks of differentiation (see Figure 7).  The 3D data are more in line with 
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Figure 15:  3D adipogenesis of human ASCs.  A:  Comparison of PPARγ and UCP1 immunoreactivity 
between human white ASCs that underwent four weeks of either white or brown adipogenesis while 
encapsulated in 20 μL gels of 5% PEG.  Scale bar = 20 μm.  B:  RT-PCR analysis of RNA is represented as 
fold change relative to the gene expression of the white adipocytes.  “White” = white adipogenic 
differentiation of white adipose-derived stem cells.  “White  Brown” = brown adipogenic differentiation 





Evaluation of metabolism in 3D 
To characterize the function of adipocytes grown in 3D, the mitochondrial respiratory 
profiles were assessed.  ASCs were encapsulated in 20 μL gels made of 5% PEG and 
adipogenic differentiation was continued for five weeks before respiration was measured.  
Figure 16 describes the respiratory profile of rat white ASCs and brown ASCs that 
underwent white and brown adipogenesis.  The basal mitochondrial respiration among 
the three adipocyte types is shown in Figure 16A.  Compared to both white and white-to-
brown adipocytes, the brown adipocytes had significantly higher basal mitochondrial 
respiration.  However, no significant difference in basal respiration was exhibited 
between white and white-to-brown adipocytes.  These data differ from the 2D data, 
where the white-to-brown adipocytes had significantly greater respiration than both the 
white and the brown adipocytes (see Figure 8).  In 3D, the brown adipocytes had 
significantly higher maximum respiratory capacity than both white and white-to-brown 
adipocytes (Figure 16B), while the maximum respiratory capacity did not differ 
significantly between white and white-to-brown adipocytes.  Again these data differ from 
that of the cells grown in monolayer, where the white-to-brown adipocytes had higher 
maximum respiratory capacity than both white and brown adipocytes (see Figure 8).  
Although the brown adipocytes had significantly higher maximum respiratory capacity in 
3D than white and white-to-brown adipocytes, the differences among the adipocytes’ 
percent spare respiratory capacity were not significant (Figure 16C).  These data differ 
from the 2D data that showed lower percent spare respiratory capacity in white 
adipocytes compared to both white-to-brown and brown adipocytes (see Figure 8).    
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Figure 16:  Mitochondrial respiratory profiles of rat adipocytes in 3D.  A:  Comparison of basal 
mitochondrial respiration among the three types of differentiated adipocytes after 5 weeks of adipogenesis 
in 20 μL, 5% PEG hydrogels.  B:  Maximum respiratory capacity.  C:  Percent spare respiratory capacity.  
“White” = white adipogenic differentiation of white ASCs.  “White  Brown” = brown adipogenic 
differentiation of white ASCs.  “Brown” = brown adipogenic differentiation of brown ASCs.  * : p < 0.05; 






In Figure 17, the mitochondrial respiratory profile of human white ASCs that underwent 
white and brown adipogenesis is examined.  The basal mitochondrial respiration is 
described in Figure 17A, which shows that white-to-brown adipocytes had significantly 
greater basal respiration than the white adipocytes.  This is in contrast with the 2D data 
(see Figure 9), that did not demonstrate a significant difference in basal respiration 
between white and white-to-brown adipocytes.  These 3D data align with our expectation 
that white-to-brown adipocytes would have higher basal respiration than white 
adipocytes.  Figure 17B evaluates uncoupling, demonstrating that the white-to-brown 
adipocytes had significantly higher proton leak, meaning they were more uncoupled than 
the white adipocytes.  These data are reversed compared to the 2D data (see Figure 9), 
but they align with our hypothesis that white-to-brown adipocytes would be more 
uncoupled than white adipocytes.  The white-to-brown adipocytes had significantly 
higher maximum respiratory capacity than the white adipocytes in 3D (Figure 17C), as 
opposed to the 2D data that did not show a significant difference between the adipocytes’ 
maximum respiratory capacity (see Figure 9).  However, the white adipocytes had 
significantly higher percent spare respiratory capacity than the white-to-brown 
adipocytes, which is consistent with the 2D data (see Figure 9).  Overall, these data from 
both rat and human cells indicate that culturing cells in a 3D environment leads to 
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Figure 17:  Mitochondrial respiratory profiles of human adipocytes in 3D.  A:  Comparison of basal 
mitochondrial respiration between the two types of differentiated adipocytes after 5 weeks of adipogenesis 
in 20 μL, 5% PEG hydrogels.  B:  OCR due to proton leak between white and white-to-brown adipocytes.  
C:  Maximum respiratory capacity.  D:  Percent spare respiratory capacity.  “White” = white adipogenic 
differentiation of human white adipose-derived stem cells.  “White  Brown” = brown adipogenic 













In the present work, we examined the function of primary rat and human white and 
brown ASCs, differentiated them to white and brown adipocytes over a month, and 
measured their mitochondrial respiration.  We then differentiated ASCs in 3D synthetic 
hydrogels and tuned the scaffolds properties to optimize brown adipogenesis.  Studying 
cells in environments that approximate the in vivo state is important to be able to 
extrapolate data for translation to medicine.  Tissue engineering uses 3D scaffolds to 
support and influence cell behavior and allows them to have a more natural morphology 
than in 2D. 
 
Adipogenesis in monolayer culture 
We isolated rat ASCs from brown and white adipose tissue and examined their responses 
to different concentrations of rat adipose ECM (Figure 1).  The basal migration rate of 
brown and white ASCs was not significantly different, but their responses to ECMs 
varied.  The brown ASCs migrated toward the low concentration of BAT ECM but not 
the high concentration, which was also true for the white ASCs.  Although the 
composition of BAT ECM was unknown, this phenomenon where the cells did not 
migrate in response to the high concentration of BAT ECM makes one wonder if the 
BAT ECM exerts an inhibitory response at a particular concentration.  Interestingly, the 
brown ASCs responded most strongly to the WAT ECM, with the higher WAT ECM 
concentration eliciting the strongest response of any ECM treatment.  Although the white 
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ASCs also responded to the WAT ECM, the brown ASCs had a significantly stronger 
response.   
ECM contains native proteins and growth factors, and its specific composition is 
unknown.  However, we observed that ECM from BAT and WAT exerted different 
effects on ASCs, and white and brown ASCs responded differently to the same ECM.  
White and brown ASCs are derived from different precursor cells (Timmons et al., 2007) 
and have different functions, so it is reasonable that they would secrete distinct ECMs 
and have different responses to the same stimulus.  Although we only examined 
migration, future studies could evaluate whether brown or white adipose ECM affect 
other cell behaviors like growth and differentiation. 
We differentiated both rat and human ASCs to white and brown adipocytes using drugs 
rather than genetic manipulation, and we tracked changes in gene expression over 28 
days (Figures 4 and 6), longer than others in the BAT field have done (Hauner et al., 
1989; Smih et al., 2002; Tiraby et al., 2003; Seale et al., 2008, 2011; Schulz et al., 2010; 
Cohen et al., 2014).  Rat brown adipocytes had greater expression of adipose-specific and 
brown-adipose specific genes compared to white adipocytes, and their expression levels 
continued to increase across four weeks.  However, the white adipocytes’ expression of 
adipose-specific genes peaked at day seven or fourteen.  The white-to-brown adipocytes 
expressed adipose-specific and brown adipose-specific genes around the same level as 
white adipocytes until days 21 and 28 when their expression of brown adipose-specific 
genes increased.  They did not reach the same level as brown adipocytes, but it would be 
interesting to see how the expression may change with even longer term culture.  The 
human white ASCs that were differentiated to brown adipocytes expressed brown 
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adipose-specific gene earlier than the white adipocytes, but by day 21 the white 
adipocytes were expressing BAT-specific genes at the same level (Figure 7).  The white 
adipocytes also showed immunoreactivity to UCP1 (Figure 5). 
The changes in levels of brown adipose-specific transcripts that we saw over different 
time points informs the literature, as others are conducting experiments after a week or 
less of differentiation, while we have seen changes in gene expression continuing through 
a month, and it may continue to change beyond four weeks.  However, other groups have 
induced expression of genes through viral delivery systems (Tiraby et al., 2003; Kajimura 
et al., 2009), so the gene expression and function of those cells may not be comparable to 
our results.  Although the relative gene expression of our rat white-to-brown adipocytes 
was not striking, they were immunoreactive for UCP1 like the brown adipocytes (Figure 
4).  Even more interesting was the function of these white-to-brown cells. 
We examined cell function through metabolic analysis, measuring their mitochondrial 
respiration and uncoupling.  In the 2D environment, we found that rat brown ASCs had 
significantly higher mitochondrial respiration than both rat white ASCs and differentiated 
rat white adipocytes (Figure 8).  The rat brown adipocytes had significantly greater basal 
mitochondrial respiration than white adipocytes, and of particular interest, the white-to-
brown adipocytes had significantly greater respiration than both white and brown 
adipocytes.  Further, despite less relative gene expression of UCP1 than brown 
adipocytes, the white-to-brown adipocytes were more uncoupled than both brown and 
white adipocytes.  This suggests that the relative amount of gene transcripts did not 
directly translate to function.  These white-to-brown cells also had higher maximum 
respiratory capacity than white or brown adipocytes.  Indeed, one cannot always infer 
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protein expression from mRNA expression, as the relationship between transcription and 
translation is not linear (Maier et al., 2009).  Factors such as translation efficiency, 
protein stability, and post-translational modification can affect the link between the levels 
of mRNA and protein expression, and the experimental signal-to-noise ratio can 
influence the level of transcripts detected. 
While the rat white-to-brown adipocytes had significantly different function than the rat 
white adipocytes, the human white and white-to-brown adipocytes had essentially the 
same basal mitochondrial respiration (Figure 9).  Although they both had increased UCP1 
gene expression and showed UCP1-immunoreactivity, the white adipocytes were more 
uncoupled than the white-to-brown adipocytes.  They did not differ in their maximum 
respiratory capacity, but the white adipocytes had higher percent spare respiratory 
capacity.  This difference between the species is particularly relevant for the field, as 
much BAT work is done in 2D with mouse or rat cells, and our data shows that the rodent 
phenotype cannot always be extrapolated to human cell function.  Indeed, although 
rodents and humans share a large percentage of DNA, often data acquired in animal 
models (rodents and other species) does not predict the human phenotype, with 
differences in enzyme activity, drug metabolism (Shanks et al., 2009), and oral 
bioavailability (Musther et al., 2014) becoming especially noticeable when predicting 
outcomes of clinical trials.   
 
Optimizing the scaffold  
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As the next step to our innovation, we differentiated these cells in 3D synthetic scaffolds, 
allowing them to have a more natural spherical shape, rather than be flat on one side and 
have an artificial polarity imposed by 2D culture.  To optimize brown adipogenesis, we 
tuned scaffold properties, adjusting the stiffness and adhesion of the environment 
(Figures 11 and 12).  Adipogenesis was favored by the softer, 5% PEG gels without the 
RGD cell adhesion peptide, evidenced by gene expression and immunoreactivity to 
UCP1.  Adipose is a soft tissue, and although our lab has induced white adipogenesis of 
embryoid body-derived cells and MSCs in 10% PEG gels (Hillel et al., 2009), the best 
results for brown adipogenesis were seen in the softer 5% gels.  In a study in our lab of 
PEG hydrogels conjugated with CDYRGDS at various concentrations, white 
adipogenesis was favored on softer hydrogels regardless of the presence of RGD (Singh 
et al., 2013).  While others have seen both enhancement and suppression of adipogenesis 
from fibronectin (Kubo et al. (2010), in our hands, brown adipogenesis was better in the 
absence of RGD.  A review by Ivaska and Heino (2010) discusses the effect of integrins 
on cell signaling, asserting that integrin binding can modulate signaling pathways like 
growth factor receptors do, and some integrins can even bind growth factors.  For 
example, the RGD sequence in transforming growth factor-β (TGF-β) can be bound by 
αVβ6 integrin.  This interaction is relevant for BAT and obesity, as Yadav et al. (2011) 
demonstrated that inhibiting TGF-β and Smad3 (which regulates TGF-β targets) 
signaling leads to browning of WAT. 
As discussed earlier, tuning scaffold properties to guide cell function is a core practice of 
tissue engineering.  Mechanical feedback from stiff polylactic acid encourages bone and 
cartilage formation, while the soft Matrigel is preferred for epithelial cells and soft tissue 
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(Rehfeldt et al., 2007).  In recent years, stiffness of the scaffold has been shown to be a 
significant variable.  In a 2008 review, Breuls and colleagues provided discussion of the 
effect of matrix stiffness on cell function.  The elasticity of the environment impacts the 
cell shape via interactions with the cytoskeleton, and the cell morphology can influence 
migration, growth, and differentiation.  Indeed, the stiffness of the scaffold can serve as a 
variable to steer cell behavior and can reduce the need for bioactive compounds. 
Engler et al. (2006) cultured bone marrow-derived mesenchymal stem cells (MSC) on 
polyacrylamide scaffolds with different amounts of acrylamide crosslinking to generate 
constructs with different elasticities.  They examined cell morphology and gene 
transcription, finding that the lineage toward which MSCs differentiated was strongly 
influenced by the stiffness of the scaffold, with softer scaffolds encouraging neurogenesis 
and stiffer scaffolds leading to osteogenesis.  The authors found that the longer the cells 
were grown on a particular scaffold, the more committed they were toward a lineage, 
evidence by diminished responses to differentiation media toward a different lineage.  
For example, MSCs grown on a soft scaffold with only growth medium express β3 
tubulin, a marker of neurogenesis.  While their β3 tubulin levels will decrease when given 
osteogenic or myogenic medium after one week of culture on a soft scaffold, the β3 
tubulin levels do not change when given such induction medium after three weeks of 
growth on a soft scaffold.  Those results suggest that with enough time, the elasticity of 
the scaffold can exert a more powerful influence on differentiation than induction agents.  
Our work shows less dramatic evidence of the effect of scaffold stiffness on 
differentiation, but it lends evidence to the idea that optimization of the matrix is 




Challenges with nutrient diffusion 
We also altered the size of the constructs to explore the effect of diffusion capacity 
(Figures 13 and 14).  Brown adipogenesis was enhanced in the smaller constructs, 
suggesting that improved diffusion and access to oxygen and nutrients was important for 
differentiation to brown adipocytes.  This was striking in the in vivo study (Figure 10), 
where despite four weeks of in vitro adipogenesis, cells in the center of the hydrogels 
underwent osteogenesis after implantation in the animals.  The constructs were not 
vascularized, so unlike the in vitro culture conditions, they had limited access to nutrients 
and oxygen.  Indeed, others have shown that bone marrow-derived MSCs have improved 
osteogenesis and impaired adipogenesis in low oxygen environments (Hung et al., 2012).  
Our results show that the microenvironment can steer differentiation more strongly than 
four weeks of exposure to adipogenic drugs.  We know that BAT is highly metabolically 
active, and our results suggest that it may be difficult to scale up the size of our synthetic 
tissues unless the diffusion limitations are overcome.  Indeed, delivery of nutrients and 
elimination of waste products in artificial tissues is a hurdle for tissue engineering in 
general. 
When cells are cultured in 3D, the peripheral cells have better access to nutrients and 
ability to remove waste.  However, the limiting factor with 3D in vitro culture is usually 
access to oxygen (Martin and Vermette, 2005; Mazzoleni et al., 2009).  Cells in the 
center of a construct can be at risk of undergoing apoptosis due to hypoxia, and as cells 
deposit ECM, diffusion is reduced (Bland et al., 2013).  Beyond inducing apoptosis of 
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central cells, hypoxia also induces changes in cell metabolism and function (Bland et al., 
2013), so impaired oxygenation of part of a construct can skew results of an experiment.  
Another consideration is the different oxygen tension that cells would experience in vivo 
compared to in vitro.  While in vitro conditions expose cells to atmospheric oxygen (160 
mmHg), physiological oxygen tension is closer to 40 mmHg in most tissues and 
transplanted cells may not survive such a drastic change in oxygenation (Bland et al., 
2013). 
A perfused bioreactor is a system of growing cells in 3D, where a vessel containing cells 
rotates and medium continually flows through the system (Frye and Patrick, 2006).  
Perfusion bioreactors can improve nutrient delivery and oxygenation throughout a 
construct.  Frye and Patrick (2006) cultured preadipocytes in perfused bioreactors and 
found that cells were able to differentiate and form tissue-like clusters.  Importantly, 
these aggregates had living adipocytes throughout, with no central necrosis, and the 
authors created tissues as large as 4-5 mm in diameter in three weeks.  However, two 
weeks after implantation in rats the artificial tissue had been adsorbed.  If this technique 
could be scaled up, it may be useful for creating a large enough piece of artificial adipose 
to fill a tissue defect, although the tissue would need to persist in vivo longer.  Further, it 
is unclear whether a large piece of tissue could survive outside of the bioreactor without 
immediate vascular access in vivo. 
Stosich et al. (2007) created PEG hydrogels with microchannels through them and 
implanted them in immunocompromised mice.  Some hydrogels also contained bFGF, 
with and without microchannels.  After 4 weeks, host tissue had infiltrated the 
microchannels, but in the bFGF-only gels, host tissue had penetrated the construct, 
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despite lack of channels, and the tissue resembled blood vessels.  The authors also 
encapsulated human bone marrow-derived MSCs in these gels with or without 1 week of 
adipogenic differentiation, and then implanted them in mice.  Only gels that contained 
pre-differentiated cells produced adipocytes in vivo, but their work showed that providing 
conduits and bioactive molecules in the scaffold can promote host cell infiltration, which 
is an important step in regenerative medicine. 
 
Altered metabolism in 3D environment 
When we had determined which scaffold enhanced brown adipogenesis, measured by 
increases in gene transcripts and immunoreactivity to UCP1, we analyzed mitochondrial 
respiration.  Strikingly, the metabolic profiles differed in 3D compared to 2D for both rat 
and human cells.    
In 3D, although the rat white-to-brown adipocytes had increased expression of BAT-
specific genes (seem in the small construct of 10% PEG, as only brown ASCs were tested 
in 5% PEG), they had dramatically different function compared to 2D, as they essentially 
acted like white adipocytes (Figure 16).  Their basal respiration, maximal respiration, and 
percent spare respiratory capacity did not differ from the white adipocytes, while the 
brown adipocytes had higher basal respiration and maximal respiration.  However, the 
human white-to-brown adipocytes had higher expression of the BAT-specific genes 
UCP1 and cidea in 3D, and they were immunoreactive to UCP1 while the white 
adipocytes were not (Figure 15).  These data are in contrast to the 2D data that showed 
white adipocytes expressing BAT genes.  The contrasts between 2D and 3D continued 
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when analyzing the cell function (Figure 17), as the human white-to-brown adipocytes 
now had significantly higher basal respiration than the white adipocytes, were 
significantly more uncoupled, and had greater maximum respiratory capacity.  The white 
adipocytes had higher percent spare respiratory capacity. 
Together these data show that cell function changes based on the environment, with both 
rat and human cells having different metabolic profiles and gene expression in 2D versus 
3D environments.  Further, the rat and human cells differed from each other in their 
function, regardless of the environment, which makes extrapolating rat data to the human 
condition challenging.  The goal of research is to gain insight into human normal biology 
and disease states, and our work demonstrates that in the case of brown adipose research, 
using rat cells may not inform human biology.  Since translating research to medicine 
also means treating 3D tissues, it follows that lab research should ideally be conducted in 
3D models in addition to in vivo work.  If the data in 2D and 3D vary in other cell types 
as significantly as it did in our work, then it seems imperative that cells be studied in 3D 
before being tested in vivo. 
Our constructs were optimized for brown adipogenesis of rat brown ASCs.  Perhaps to 
encourage brown adipogenesis of rat white ASCs, the scaffold properties need to be 
altered.  However, our interest is in translational research, and the human ASCs 
underwent brown adipogenesis and functioned significantly differently than white 
adipocytes.  They had higher basal respiration and were uncoupled, which means they 
were acting more like brown adipocytes.  If one wanted to implant engineered brown 
adipose into a human, then having human ASCs functioning like brown adipose within a 
synthetic scaffold is a step in the right direction.  Although not immediately translatable, 
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our technique could be used to create synthetic human BAT for drug testing.  To our 
knowledge, this is the first creation of 3D BAT, and we have engineered it using ASCs 
from primary tissue without conducting genetic manipulation of the cells.  This further 
informs the literature, as the work in the BAT field is done in 2D, yet our results 
demonstrate a different functional phenotype when cells are grown in 3D, which is closer 
to their natural environment.  Cell morphology can alter cell function as we have seen, 




Animal models are used before human trials of therapeutic interventions, but often 
animals are used based on experimentation on cells grown in monolayer.  As discussed 
earlier and as seen in our work, cell behavior can be altered when cultured in 3D 
compared to 2D.  As a bridge from 2D to animal work, 3D studies could be used, and 
their better resemblance to the in vivo environment may improve the likelihood of a 
favorable outcome when translating work to animal studies.  Further, 3D models can be 
constructed from human cells, eliminating inter-species differences.  Beyond use as a pre-
animal study tool, 3D work can also be used for drug testing (Mazzoleni et al., 2009). 
In obesity, energy intake is greater than energy expenditure, and BAT has the potential to 
serve as energy sink and improve glucose tolerance.  If one can harvest ASCs, 
differentiate them into brown adipocytes, and return them to the body, they may be able 
to burn excess calories and serve as a weight-loss tool.  For human translation, 
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differentiation of white ASCs to brown adipocytes is a more feasible approach than 
trying to acquire brown ASCs due to the abundance and relative ease of acquisition of 
white adipose tissue.  In our hands, ASCs from human subcutaneous fat are capable of 
differentiating into brown adipocytes without use of viral vectors.  In a review by Gimble 
et al. (2011), the authors discuss use of ASCs in clinical trials and the stringent criteria 
that must be met to meet current Good Manufacturing Practices (cGMP).  Most academic 
facilities do not meet cGMP due to practical and financial considerations, but it is wise to 
be aware of the criteria to minimize alterations to protocols when translating research to 
human subjects.  Clinical use of ASCs has largely been in breast reconstruction and GI-
GU fistula repair, performing autologous transfer of ASCs, and clinical trials have been 
limited to examining safety of ASCs.  Indeed, cell-based therapy is still transitioning 
from preclinical to clinical application. 
Although β3-adrenergic agonists have reduced the impact of high fat diet on adiposity in 
rodents (Ghorbani et al., 1997), their usefulness for treating obesity in humans is likely 
limited.  In a review by Ursino et al. (2009), other organs that express the β3-adrenergic 
receptor are highlighted, such as the brain, bladder, heart, and GI tract.  Although having 
other targets may broaden the usefulness of these agonists for treating other disease, 
reduced specificity increases the likelihood for side effects.  Further, clinical trials of β3-
adrenergic receptor agonists did not show the same desirable metabolic effects in humans 
that were observed in rodents.   
As discussed earlier, while studying transgenic mice (Seale et al., 2008, 2011) or using 
viral vectors to deliver genes of interest (Tiraby et al., 2003; Kajimura et al., 2009) can 
present advantages for studying BAT regulation, the ability to translate such work to 
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clinical use may be limited.  Rather than using a global approach to stimulate existing 
BAT, which may have adverse effects on other organ systems, we propose that a better 
way to leverage BAT to address excess caloric imbalance is to increase the amount of 
BAT using tissue engineering techniques, which have not previously been applied to the 
BAT field.  As clinical use of ASCs is still in its infancy, an alternative to cell-based 
therapy could be induction of UCP1 expression in native WAT, such as through a local, 
drug-eluting implant.  However, the efficacy may be low if one must rely on 
differentiation of nearby ASCs, although there is some evidence that mature white 
adipocytes can transdifferentiate (Frontini and Cinti, 2010). 
By leveraging the tissue engineering technique of growing cells on scaffolds made of 
synthetic polymers, scientists have been attempting to create artificial tissues for many 
years (Rehfeldt et al., 2007).  To translate discoveries to human applications, researchers 
must integrate basic cell biology research and tissue engineering with knowledge of 
clinical needs and requirements.  It is important to understand the limitations and 
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